Lipopolysaccharide (LPS) monolayers deposited on planar, hydrophobic substrates were used as a defined model of outer membranes of Pseudomonas aeruginosa strain dps 89. To investigate the influence of ions on the (out-of-plane) monolayer structure, we measured specular X-ray reflectivity at high energy (22 keV) to ensure transmission through water. Electron density profiles were reconstructed from the reflectivity curves, and they indicate that the presence of Ca 2þ ions induces a significant change in the conformation of the charged polysaccharide head groups (O-side chains). Monte Carlo simulations based on a minimal computer model of LPS molecules allow for the modelling of 100 or more molecules over 10 23 s and theoretically explained the tendency found by experiments.
INTRODUCTION
Lipopolysaccharides (LPSs) are the main constituents of the outer leaflet of the outer membrane of Gramnegative bacteria (Lü deritz et al. 1982) . Beyond their structural role, LPSs mediate the interaction of the bacteria with their environment and act as a protection against harmful molecules. Moreover, LPSs function as major virulence factors. The molecules generally consist of a vastly invariant part, constituted by the fundamental building block lipid A and the 'core' oligosaccharide. Lipid A possesses four to seven hydrocarbon chains and two negatively charged glucosamines. In some cases, lipid A contains further substitutions, such as 4-amino-deoxyarabinose, and phosphatidylethanolamine. The core oligosaccharide, typically built from 8 -12 sugar units and carrying several negative charges, is connected to the lipid A through a 2-keto-3-deoxyoctonoic acid (2 -6 linkage). A variable fraction of LPS molecules possess O-polysaccharides (O-side chains) in the form of repetitive oligosaccharide motives (Caroff & Karibian 2003) .
Pseudomonas aeruginosa is involved in respiratory tract infections and is often associated with chronic infections in cystic fibrosis patients (Høiby 1992) . It produces two different types of O-side chains: the A-band polysaccharide is a polymer of uncharged D-rhamnose trisaccharides (Arsenault et al. 1991) , whereas the B-band is generally built from charged di-to pentasaccharide units. The studied A-Bþ LPS lacks the A-band, and its negatively charged B-band polysaccharide is a polymer of trisaccharide repeat units: 2-acetamido-2,6-dideoxy-D-galactose (N-acetyl-D-fucosamine), 2,3-diacetamido-2,3-dideoxy-D-mannuronic acid and 3-acetamidino-2-acetamido-2,3-dideoxy-Dmannuronic acid (Knirel et al. 1988) . Each repeat unit carries two negative charges at environmental pH. The length of the B-band polysaccharide can reach beyond 50 repeat units (Lam et al. 1992; Sadovskaya et al. 2000) but ranges typically from 20 to 50 repeat units (Daniels et al. 2002) . However, the major components of LPSs carry either no O-side chain (called 'rough' LPS) or only one repeat unit (called 'semirough' LPS). The structure of the studied LPS molecules is presented in figure 1. Since the first report of Brock (1958) , several in vivo studies have demonstrated that, in the presence of divalent cations (Ca 2þ and Mg 2þ ), bacteria are resistant against cationic antimicrobial peptides such as protamine ( pI 10-12) from sperm cells of vertebrates (Islam et al. 1984; Hansen et al. 2001) . The detailed investigation of this phenomenon is of importance for the fundamental understanding of the function of antimicrobial peptides as well as for the development of peptide-based antibiotics (Hancock & Chapple 1999) .
There have been several theoretical approaches to model the conformations of LPS molecules in the absence and presence of divalent cations using atomicscale molecular dynamic simulations (Kotra et al. 1999; Lins & Straatsma 2001; Shroll & Straatsma 2002) . Although the simulations suggested the condensation of divalent cations mainly in the core region of LPSs, the volume (containing 16 LPS molecules in the outer surface) and the time window (maximum 1 ns) were insufficient to account for conformational changes of the polysaccharide chains. More recently, Pink et al. (2003) employed a 'minimum model' that contains 100 P. aeruginosa LPS molecules and carried out Monte Carlo (MC) simulations over more than 1 ms. As a crude approximation, the LPS composition was assumed to be 100 per cent P. aeruginosa B-band LPSs that possess relatively short O-side chains with 10 trisaccharide units. Although this approach seemed promising to model the conformation of O-side chains of LPSs, systematic comparisons between simulations and experimental studies under biologically relevant conditions are still missing.
To date, LPSs with various structural complexities have been investigated using X-ray diffraction experiments, including crystallography on the molecular structure (Labischinski et al. 1985; Kato et al. 1990; Kastowsky et al. 1993 ) and small-angle scattering studies on the polymorphisms of the LPS suspensions (Brandenburg & Seydel 1984; Seydel et al. 1989; Snyder et al. 1999) . Katsaras and co-workers measured specular neutron reflectivity from P. aeruginosa LPS multilayers on planar substrates at relative humidities up to 85 per cent, corresponding to an osmotic pressure of greater than 10 7 Pa (Abraham et al. 2007; Kucerka et al. 2008) . However, experiments on a single LPS membrane in bulk water (i.e. P H 2 O ¼ 0) would be more suited for studying the influence of ions in aqueous solutions on the saccharide chain conformation. In our recent account, we measured grazing-incidence X-ray scattering of the monolayer of rough mutant LPS from Salmonella enterica sv. Minnesota at the air/ water interface and demonstrated the Ca 2þ -induced increase in the electron density near the charged core saccharides (Oliveira et al. 2009 ). However, this strategy could not be easily extended to LPSs with long, polydispersive O-side chains owing to the difficulty in determining the amount of the molecules spread at the air/water interface.
In the present paper, we deposited the monolayer of LPS from P. aeruginosa dps 89 (figure 1a) onto solid substrates coated with alkylsilane monolayers that mimic the inner leaflet of the outer membrane of bacteria that consists mostly of phosphatidylethanolamine (Rana et al. 1991 ) (figure 1b). The LPS monolayers supported by hydrophobic silane monolayers were subjected to specular X-ray reflectivity. Here, a high-energy X-ray beam (22 keV) (Miller et al. 2005; Nováková et al. 2006 ) was used in order to ensure the transmission of X-rays through the approximately 20 mm thick water reservoir. The measured signals were modelled using analytically parameterized electron density profiles, which were compared with MC simulations based on a minimal computer model of LPS surfaces. The details of the obtained results are discussed in the following sections.
MATERIAL AND METHODS

Purification and characterization of lipopolysaccharides from PAO1 mutant
Cultures of P. aeruginosa dps 89 (A -Bþ mutant of the PAO1 strain) (Lightfoot & Lam 1991; Kadurugamuwa et al. 1993) were grown to a late logarithmic phase in trypticase soy broth (BBL; 378C, 125 r.p.m.), and LPS was isolated with the hot phenol -water method S672 Ca 2þ induces collapse of O-side chains E. Schneck et al. (Westphal & Jann 1965 ) with several modifications: 3 g of dried cell mass was suspended in 360 ml of water and the temperature was increased to 688C. Subsequently, a 240 ml portion of liquid phenol was added to the suspension while the temperature was kept at 688C. The extraction process was carried out for 3 h with constant stirring, and phase separation was allowed to take place in an ice bath overnight. After carefully removing the aqueous phase, another 300 ml portion of water was added to the remaining phenol phase and the extraction step was repeated. The two water fractions were combined and dialysed (molecular weight cut-off (MWCO): 1000 Da) for 3 days against water to remove residual phenol. The extracts were lyophilized, and the dried material was taken up in 80 ml 5 mM Tris/HCl buffer ( pH 8.0), containing 1.5 mM MgCl 2 , 0.5 mM CaCl 2 , 60 mg ml 21 RNase and 30 mg ml
21
DNase. After an overnight incubation at 378C (150 r.p.m.), a 15 min phenol extraction step was applied with 20 ml phenol at 378C to remove the enzymes and residual cell debris. The extraction mixture was centrifuged at 4000g for 10 min at room temperature. The supernatant was dialysed against water and ultracentrifuged at 100 000g for 14 h at 48C. The LPS pellet was resuspended in water and lyophilized. The samples were characterized with SDS -PAGE, Western immunoblotting (developed with monoclonal antibodies specific to A-and B-bands), 1 H NMR spectroscopy and sugar composition analysis (Sawardeker et al. 1965) . The protein contamination of the material was checked by BCA protein assay (Pierce, Rockford, IL, USA) and Lowry total protein assay (Peterson's modification, Sigma-Aldrich, St Louis, MO, USA) and found to be below 1% w/w. There was no detectable DNA and RNA contamination in the LPS sample.
Chemicals and sample preparation
Unless stated otherwise, all chemicals were purchased from Fluka (Taufkirchen, Germany) and used without further purification. Throughout the study, we used double deionized water with a specific resistance of greater than 18 MV cm (MilliQ, Molsheim, France). A rectangular (25 mm Â 20 mm) Si(100) substrate with native oxide (Si-Mat, Landsberg/Lech, Germany) was cleaned by a commonly used cleaning process in semiconductor technology (called the RCA method) with a slight modification (Kern & Puotinen 1970) . A selfassembled monolayer of octadecyltrimethoxysilane (ODTMS, purchased from ABCR, Karlsruhe, Germany) was covalently grafted onto the substrate according to Hillebrandt & Tanaka (2001) . Subsequently, the substrate was stored at 708C for 3 h and in a vacuum chamber overnight to remove residual solvent molecules. Finally, the functionalized substrate was inserted into a self-built liquid cell. LPS was suspended in 5 mM HEPES and 100 mM KCl at pH 7.4 (called 'Ca 2þ -free buffer' in the following) at a concentration of 5 mg ml
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. After sonication with a tip sonifier (Misonix, Newtown, CT, USA) under mild conditions (interval mode: 0.5 s/0.5 s on/off, constant cooling to T , 508C), the LPS suspension was diluted with Ca 2þ -free buffer to a final concentration of 1 mg ml
. The LPS suspension was injected into the liquid cell and incubated at 508C for 1 h. After extensive rinsing, the sample was subjected to the reflectivity measurement in Ca 2þ -free buffer. In the next step, the liquid cell was rinsed with an excess of 'Ca 2þ -loaded buffer' (5 mM HEPES, 100 mM KCl and 50 mM CaCl 2 , pH 7.4) for the reflectivity measurements in the presence of Ca 2þ ions.
Specular X-ray reflectivity
Specular X-ray reflectivity experiments were carried out at the ID10B beamline at ESRF (Grenoble, France). The monochromatic beam with a photon energy of 22 keV was collimated to a vertical beam aperture of 20 mm. At each angle of incidence a i , corresponding to the momentum transfer perpendicular to the interface q z ¼ 4p/l sin a i , the reflectivity was corrected for the beam footprint and for the beam intensity (via an in-beam monitor). To highlight the changes in the measured intensities, the reflectivity curves were multiplied by q z 4 for all presentations. The electronic structure of the solid-supported LPS monolayer was represented by an analytical profile function (see §3 for details), characterized by a set of free fitting parameters. The analytical electron density profile was split into a set of 1 Å thick slabs with different electron densities. These slabs were treated using the Parratt formalism (Abelès 1950; Parratt 1954) to compute the corresponding specular reflectivity curve as a function of q z . According to the high resolution (1 Å ) of the slab profiles, it was not necessary to include slab roughnesses in these calculations (Nevot & Croce 1980) . The free parameters were varied to achieve the minimum in the x 2 deviation between experimental results and simulations.
Monte Carlo simulations
To simulate the saccharide conformation of the LPS monolayer in the absence and presence of Ca 2þ , we employed a 'minimal computer model' (Pink et al. 2003) using linearized Poisson -Boltzmann theory (Israelachvili 1985; Deserno et al. 2000) and carried out MC simulations employing the Metropolis algorithm (Binder 1988; Lai & Binder 1992) . The aqueous region of the simulation volume ranged from z ¼ 0 to z ¼ 300 Å . To take thermal fluctuations of saccharide chains into account, we set the resolution of our theoretical slabs to be approximately 2 Å . However, it should be noted that our simulations with 100 LPS molecules cannot take the statistical roughness of the interface into account. The level of z ¼ 0 was defined as the boundary between the aqueous solution (z . 0) and the hydrocarbon chain region (z , 0), which were represented as two dielectric continua with relative permittivities 1 w ¼ 81 and 1 hc ¼ 5, respectively (Israelachvili 1985; Pink et al. 1997) . We represented monovalent ion screening in the aqueous solution by the linearized Poisson-Boltzmann theory (Israelachvili 1985; Vlachy 1999; Deserno et al. 2000; Pink et al. 2003) and calculated electrostatic interactions according to the expression derived by Netz (1999) . A more detailed description is given elsewhere (Pink et S673 et al. 2009 ). In the model, each saccharide group of an LPS molecule was represented by a sphere of radius r sugar ¼ 1.5 Å , connected by stretchable bonds with equilibrium lengths L 0 (Carmesin & Kremer 1988; Chakrabarti et al. 1994) . We restricted the relative angle between the saccharide -saccharide bonds of these semi-flexible molecules to be 30 + 108 (Pink et al. 2003) . Negatively charged sugars possessed charge -1 in units of e ¼ 1.6 Â 10 219 C at their centres. To account for attractive short-range interactions between saccharides, a pair of sugar spheres was allowed to form a bond with the binding energy E B ¼ 0.4 Â 10 220 J, when they are closer than the critical distance of R B ¼ 2.0 Å . This binding energy is comparable to a typical value for hydrogen bonds and van der Waal interactions. The hydrocarbon chain moieties of a molecule were represented by two spheres, each of which had a radius of R A ¼ 7.0 Å . The one connected to the core saccharides possessed an equilibrium position at z ¼ 24.0 Å and could move along the z-axis by Dz ¼ +1.5 Å . The second sphere was connected to the first sphere via a centre-to-centre bond that could stretch from 10 to 15 Å . Anchoring spheres were allowed to rotate around their centre, but no saccharide group or ion was allowed to move into the region z , 0. Hydrated ions were represented by spheres of radius R I ¼ 1.8 Å , whose charges were located at their centres. We used an implicit monovalent ionic strength of 25 mM (corresponding to k 21 ffi 20 Å ) and added sufficient explicit monovalent ions to match the bulk concentration used in the experiments. The 'bulk' was specified to be the upper third of the simulation volume, 200 , z , 300 Å . The resulting effective screening length was approximately k 21 ffi 10 Å . In the 'Ca 2þ -loaded' case, the system additionally contained a number of Ca 2þ ions and twice as many Cl 2 ions, such that the desired concentration was reached in the bulk. The system was equilibrated to T ¼ 300 K for 2 Â 10 6 MC steps, and the properties of the system were measured for a further 0.5 Â 10 6 steps. Figure 2 shows the Western immunoblotting developed with monoclonal antibodies specific to A-band ( figure 2a) and B-band (figure 2b), which proves the lack of A-band polysaccharides in the A -Bþ. In fact, the B-band pattern of A -Bþ LPS is very similar to that of the PAO1 strain. Moreover, the SDS -PAGE pattern of A -Bþ LPS was very similar to that of PAO1 LPS (E. Papp-Szabo 2008, unpublished data). These results suggest that the composition of the studied A -Bþ LPS should be comparable to that of PAO1 LPS (70% rough, 20% semi-rough and 10% LPS with B-band polysaccharides), determined by size exclusion chromatography, NMR spectroscopy and sugar-composition analysis (unpublished data). Considering the similarities in the B-band patterns between these two strains, the B-band polysaccharides in the studied A -Bþ LPS should have a length distribution similar to those in PAO1 LPS: 20-50 repeat units (Daniels et al. 2002) . Figure 3a shows the reflectivity curves R Â q z 4 measured in Ca 2þ -free buffer and Ca 2þ -loaded buffer, showing a clear difference in the global shape of the reflectivity curves. The measured reflectivity signals from the stratified system (figure 1b) were analysed with the following simplified model. First, the Si substrate was treated as a semi-infinite medium with a constant electron density r Si . For simplicity, the native silicon oxide layer that has almost identical electron density was considered as part of the Si medium. The hydrocarbon chain region, composed of the substrate-bound ODTMS layer and the LPS hydrocarbon chain layer, was considered as one single slab with constant electron density r HC and thickness d HC . The saccharide head groups were represented by two sections: one slab with constant electron density r S and thickness d S and the other section in which the electron density continuously decays towards that of the bulk buffer r B . The former corresponds to the compact invariant part of the core saccharides, whereas the latter represents sparse and polydisperse O-side chains (figure 1a). We accounted for roughnesses at the Si/hydrocarbon and hydrocarbon/core saccharide interfaces by modelling the electron density gradients as error functions, characterized by the r.m.s. roughness s Si!HC and s HC!S , respectively. This approach is commonly taken to describe the roughness in slab models in Xray and neutron reflectivity studies (Tidswell et al. 1990; Doshi et al. 2005; Rehfeldt et al. 2006; Schubert et al. 2008) . However, since polydispersive O-side chains are grafted at a low surface density (approx. 10%), it is not realistic to use the slab model to describe the density profile of the O-side chains in buffer. We account for the continuous decay of the electron density towards bulk buffer using a stretched exponential decay function, characterized by the decay length L and the stretching exponent h. Throughout the data analysis, the values for r Si and r B were taken from the literature. Furthermore, we fitted the thickness and electron density of the hydrocarbon region (r HC and d HC , S674 Ca 2þ induces collapse of O-side chains E. Schneck et al.
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respectively) and the roughness of the Si/hydrocarbon interface s Si!HC simultaneously in the presence and absence of Ca 2þ to achieve a common parameter set for z , 0. This simplification would be justified as the reflectivity measurements were successively carried out with the same sample in Ca 2þ -free and Ca 2þ -loaded buffers.
In figure 3a , the best-fit results in Ca 2þ -free and Ca 2þ -loaded buffers are superimposed to the corresponding reflectivity curves, and the model parameters used for the analysis are summarized in table 1. 1 The electron density profiles reconstructed from the models are shown in figure 3b. Although the five free fitting parameters imply a certain ambiguity of the model, the presented model seems more realistic than others with a comparably low x 2 . For example, in contrast to other models, the presented one fulfils the requirement of the electron number conservation near the interface, which is reflected by the integrated electron density profiles (figure 3b).
The electron density of the 'unified' hydrocarbon slab (chains from LPS and silane), r HC ¼ 0.19 e 2 Å 23 , is smaller than the value we reported previously for rough mutant LPS monolayers (r ffi 0.3 e 2 Å
23
) at the air/water interface (Oliveira et al. 2009 ). This can be attributed either to the lower lateral density of chains in ODTMS and LPS monolayers or to the local density minimum between two opposing hydrocarbon chains (called 'methyl dip'), which was not explicitly included in our model in order to minimize the number of parameters.
The reconstructed electron density profiles (figure 3b) indicate that the presence of Ca 2þ ions induces two prominent differences. First, the electron density in the core saccharide slab in the presence of Ca 2þ (r S ¼ 0.57 e 2 Å
) is significantly higher (approx. 20%) than the corresponding value in Ca 2þ -free buffer (r S ¼ 0.47 e 2 Å
). Second, in Ca 2þ -loaded buffer, the electron density of the O-side chain region decays much steeper to the level of the bulk buffer at z . 10 Å , which coincides with a significant increase in the stretching exponent (from h Ca 2þ -free ¼ 0.30 to h Ca 2þ -loaded ¼ 0.68) and a decrease in the decay length (from L Ca 2þ -free ¼ 34.4 Å to L Ca 2þ -loaded ¼ 15.6 Å ).
Monte Carlo simulations
MC simulations were carried out to simulate the conformation of LPS molecules in the absence and presence of divalent cations, mimicking the experimental conditions in Ca 2þ -free and Ca 2þ -loaded buffers. In our computer model, we assumed that 10 per cent of the LPS molecules possess an O-side chain, whereas 90 per cent of the molecules (including 70% rough and 20% semi-rough LPSs) are all rough LPSs. 2 2 The presented model considers more realistic conditions than the previous account (Pink et al. 2003) , which assumed that all the LPS molecules possess O-side chains with 10 repeat units. On the other hand, the conformational change in the O-side chains discussed in this paper seems to be a cooperative process, as a longer single O-side chain (with 40 repeat units) showed no collapse in the presence of Ca 2þ ions (data not shown).
The characteristic length and time scales of the simulations had to be sufficient to model a system with ionic concentrations giving rise to a Debye screening length of k 21 ffi 10 Å . We used periodic boundary conditions (PBCs) in directions parallel to the surface of the monolayer, but not perpendicular to it. Accordingly, we had to ensure that O-side chains anchored in the monolayer have no correlation with themselves via PBCs and that the bulk region is sufficiently far from the monolayer. We set the length of the O-side chains to be 20 repeat units (60 saccharides) in order to minimize the simulation volume, which seems reasonable to describe natural B-band polysaccharides with 20-50 repeating units. Accordingly, the average membrane plane (xyplane) of our simulation volume possessed 100 LPS molecules, of which 10 randomly chosen ones (10%) possessed O-side chains. Figure 4a ,b presents instantaneous pictures of the simulation volume after equilibration in Ca 2þ -free and Ca 2þ -loaded buffers, respectively. The pictures show a significant change in the conformation of LPS molecules: the long O-side chains collapse towards the core saccharide region in the presence of Ca 2þ . This effect was quantified by calculating the time-averaged vertical electron density profiles in the aqueous region (z . 0) from the computer simulations (figure 4c). The profiles show that Ca 2þ induces a clear increase in the electron density in the core saccharide region, while the tail of the distribution decays to the bulk buffer level r B ¼ 0.33 e 2 Å 23 at much lower z in Ca 2þ -loaded buffer. Furthermore, the time-averaged number density profiles of cations (figure 4c, inset) predict that Ca 2þ ions condense in the negatively charged core saccharide region and almost completely displace monovalent K þ ions from this region. It should be noted that we found no clear sign of aggregation of the O-side chains in the absence of Ca 2þ , despite significant electrostatic screening (k 21 ffi 1 nm). This indicates that the strong electrostatic repulsion between negatively charged saccharide chains prohibits the aggregation, although we allow for attractive shortrange interactions between saccharides in our simulation. In contrast, in the presence of Ca 2þ , O-side chains are bound together via dynamic Ca 2þ bridging (figure 4b), which is enhanced by the attractive shortrange interactions between saccharide moieties. As a result, the O-side chains undergo a massive collapse towards the surface of dense core saccharides.
The electron density profiles from the computer simulations in the absence and presence of Ca 2þ can be directly compared with the experimental results. The calculated profiles show the same tendency as those reconstructed from the measured reflectivity curves (figure 3b): Ca 2þ induces a significant electron density increase in the core saccharide region, and the electron density decays steeply to the bulk level in the presence of Ca 2þ . Last but not the least, differences in absolute electron density values and the detailed shape of the electron density profiles between experiments and computer simulations can be attributed to the uncertainty (approx. 15%) in the lateral density of the LPS monolayer as well as to the lack of semi-rough LPSs in the computer simulation.
CONCLUSIONS
We created a well-defined model of the outer membranes of bacteria by the deposition of a monolayer of purified LPSs onto a planar substrate functionalized with an alkyl silane monolayer. This system is ideally suited for the characterization of the out-of-plane membrane structure in bulk buffer solution using high-energy specular X-ray reflectivity. In this study, we investigated the influence of divalent cations on the conformation of the charged O-side chains of LPS from P. aeruginosa dps 89. The electron density profiles S676 Ca 2þ induces collapse of O-side chains E. Schneck et al.
of the monolayer, reconstructed from the reflectivity measurements in the absence and presence of Ca 2þ , indicated that the O-side chains collapse towards the LPS core saccharide region in the presence of Ca 2þ ions. To simulate the ion-induced conformational change of LPS molecules implied by the experimental results, we created a minimal computer model system that contains 10 per cent of the LPS molecules with O-side chains. Monte Carlo simulations based on the minimal model consistently indicated the same tendency as the experimental finding. The obtained results reveal that the condensation of divalent ions (Ca 2þ ) in the negatively charged core saccharides and the collapse of O-side chains are the principal mechanisms of the resistance of bacteria to cationic antimicrobial peptides. Thus, the combination of high-energy specular X-ray reflectivity and Monte Carlo simulation is a powerful technique for the detailed structural characterization of complex biological interfaces buried under aqueous media. 
